Understanding the chemical durability of neutron shielding materials is necessary when assessing their long-term service potential. In this study, the chemical durability of a 6 Li enriched neutron shielding glass that has been exposed to natural, near-operational conditions is assessed by Prompt Gamma Activation Analysis (PGAA) and Neutron Depth Profiling (NDP). These non-destructive, nuclear analysis techniques are sensitive to 6 Li, and PGAA is uniquely able to detect H in low quantities in solids. It was determined that the enriched alumino-silicate glass can alter within 2 months of exposure to the natural environment. This exposure resulted in an average surface alteration layer thickness of z22 mm. The alteration layer contained z47% less 6 Li than the bulk glass. Alternatively, a 3 years exposed sample of the glass had a surface alteration depth of z30 mm and 6
Introduction
Neutron shielding materials are installed near and around nuclear reactors, radiation point sources, and neutron scattering and activation instruments to protect the health of human researchers. Reactions of particular concern are the 14 N(n, p) 14 C and 1 H(n, g) 2 H, which are responsible for most of the radiation dose delivered to the human body by thermal neutrons [1] . The products from these reactions can be effectively blocked by use of specially designed neutron shielding materials that moderate epithermal and fast neutrons, absorb thermal or cold neutrons, and shield individuals from radiation produced by nuclear reactions. Today, these materials can be purchased in a variety of materials and shielding efficiencies. Many shielding materials use 6 Li as a neutron absorber (Eq. (1)) because 6 Li has a large thermal neutron capture cross section (s th z 941 b), and the gamma radiation produced from the reaction is small yield (minor g ray branch of 0.004%, z37 mb). In addition to its desired nuclear properties, the production cost of 6 Li-doped neutron shielding is relatively inexpensive, and the isotope can be purchased in the U.S. at enrichments levels greater than 95% (natural isotopic abundance of 6 Li is 7.5%). 6 3 Li þ n th /a þ t
where n th is the incoming thermal neutron, a is an alpha particle ( 4 2 He; 2727.92 keV), and t is a triton particle ( 3 1 H; 2055.55 keV). A detailed review of 6 Li neutron shielding materials used in nuclear research facilities has been previously published in Ref. [2] . Of the materials discussed, 6 Li-doped glass was stated as a preferred shielding material because (i) it can be formulated to incorporate a large atom fraction of the isotope, (ii) it can be formed into a variety of shapes and sizes, and (iii) the durability of the glass can be enhanced by the moderate addition of other elements (e.g., B [3] and Al [4] ) into the glass structure [2] . In regards to point iii, only the radiation durability of 6 Li neutron shielding glasses has been studied in detail [2] , and the chemical durability of the glasses has received less attention. However, with an increased use of 6 Li glass as a neutron shield in open (i.e., at atmosphere) environments, a need has arisen to assess the chemical durability of the glass under natural conditions. The herein presented study addresses this need by evaluating the chemical alteration of 6 Li alumino-silicate neutron shielding glass (NIST K2959, [2] ) that had been exposed to natural, in-door conditions for z 3 years. The sample was analyzed to determine whether and to what extent the glass had altered. The glass was analyzed by Neutron Depth Profiling (NDP, [5] ) and Prompt Gamma Activation Analysis (PGAA, [6] ). These non-destructive techniques are sensitive to 6 Li, and PGAA has the additional benefit of being uniquely able to detect H, which is an element difficult to quantify by other instrumental methods and an important indicator of glass alteration [7] . Results from these two analyses were supported by data collected by Scanning electron microscopy (SEM) and X-ray Diffraction (XRD).
Materials and methods
The 6 Li glass was obtained from a batch of glass produced for PGAA collimators and as a liner for a PGAA sample chamber. This glass was intended to be a hydrogen-free material for absorbing neutrons as low-level H measurements by PGAA are a critical application [8] . Increase in the hydrogen content of the glass could result in increased hydrogen background signal during a PGAA measurement of H-containing samples. It was suspected that the glass was altered because the glass's surfaces were very cloudy in appearance. This was contrary to the mostly clear and transparent appearance of the surface when it was first cast. Altered glasses may appear cloudy at their surfaces because the alteration layer(s) on the surface of the glass will have pores or solid masses (crystallites) that can scatter incoming light. Glass transparency can also be affected by how a glass surface is machined. The glass sample analyzed and presented in this study had not been exposed to radiation prior to these analyses, nor extensively handled after being cast, and was stored at atmosphere since its production in the fall of 2014. The 3 years exposed 6 Li glass was tested for alteration by (i) NDP, to measure the relative concentration 6 Li at and near the glass surface, (ii) PGAA, to measure the amount of H and other glass forming elements, (iii) SEM, to visually inspect cross-sections of the exposed glass, and (iv) XRD, to test for devitrification of the glass.
One side of a sample of the exposed glass had (36.8 ± 1.0) mm of the surface removed by dry sanding with variably-decreasing grits of Silicon Carbide grinding papers (MicroCut, Buehler). The amount of material removed was measured in triplicate at three points along the glass's surface with a digital micrometer (293 MDC-MX Lite, Mitutoyo). This sanding was necessary as the first NDP results ( Fig. 1aeb and detailed below) showed that the alteration layer extended beyond the measurement ability of the NDP for this material (>20 mm from the glass surface). Removing part of the alteration layer allowed for a deeper measurement into the glass. Dry sonication in an inverted position, followed by a cleaning with compressed and oil-filtered nitrogen gas, were used to remove sanding debris. This cleaning process was repeated twice to ensure a clean surface. SEM of the sanded glass's surface showed no signs of fines or other particulates. No liquid lubricants were used in the surface preparation process as there was a concern that the chemicals may remove Li or part of the alteration layer from the glass. The 3 years exposed, and sanded glass sample was approximately 30 mm Â 35 mm Â 10 mm. A section of a glass sample was cross-sectioned to expose a fresh, unexposed glass surface. The cut was completed with an ethanol cleaned diamond tipped blade using an IsoMet, Low Speed Saw (Buehler). A small amount of powdered graphene was used to lubricate the saw during cutting to reduce heat buildup and sample damage. A soft brush was used to remove most of the graphene from the cut surface before SEM was conducted. As compared to the exposed surface and the sanded surface, the broken surface should have relatively little physiosorbed water [9] , and should not have water penetrating the glass surface. The exposed, sanded, and freshly-broken surfaces were analyzed by NDP to determine the extent of alteration of the glass. In a subsequent study, the sanded glass surface was exposed to atmosphere for z2 months in the same open environment in which the glass was originally stored. At the end of the 2 months, the sanded glass surface was remeasured by NDP to determine if the freshly-sanded surface had become depleted in 6 Li. Each glass sample was irradiated at a near constant fluence rate of cold neutrons; any variations were corrected via a neutron monitor during data processing. All experiments were conducted under vacuum and near room temperature. NDP spectra were collected for z4 h per spot. Both 6 Li nuclear reaction products, a and t particles, were detected using a circular transmission-type silicon surface-barrier detector that was positioned z120 mm from the sample surface. Each spectrum was corrected for dead time (z1.4%) and background noise. The a profiles were corrected for interference by the t profiles by using linear regression analysis (SigmaPlot, 14.0) to fit the linear portion of the t profile, and then subtracting the calculated fit from the corresponding a profile.
While this method will not allow for quantitative assessment of the a profiles, it will enable qualitative comparison between the a profiles of different samples. A detailed description of the NDP setup and data processing steps can be found in Ref. [10] ; however, the neutron guide at which the instrument was located has changed since the publication of the cited article. The t and a particle interactions with the lithiated, aluminosilicate glass were modeled in SRIM (2008, [11] ), assuming a pristine glass density of 2.42 g/cm 3 (as reported in Ref. [2] ) an altered glass density of 1.50 g/cm 3 (value based on reported literature values for density of alkali-alumino-silicate glass alteration layer densities [12, 13] ), and starting t and a particle energies of Li concentration versus depth of the 3 years exposed glass (green), sanded glass (brown), and freshly broken glass (blue) surfaces. The exposed glass showed depletion of 6 Li at its surface, indicating glass alteration. b. NDP a particle profile of 6 Li concentration vs. depth of the exposed glass (green), sanded glass (brown), and fresh broken glass (blue) surfaces. Results support t depth profile and SEM analysis of exposed glass surface (see Fig. 2 ). c. Subtracted t profile of freshly-broken glass and sanded glass. Beyond z1 mm depth the 6 Li concentration becomes generally positive, indicating that the surface of the sanded glass contained slight less Li than the freshly-broken glass surface. Dashed gray line is at 0. Error bars are the calculated fractional errors of measurement and were calculated from experimental counting statistics. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
PGAA
Isotopic analyses of the 3 years exposed and sanded 6 Li glasses were performed at the cold neutron PGAA instrument located at Neutron Guide D in the NCNR. The 6 Li glass was placed in a Teflon FEP bag, which was heat sealed shut, and then suspended from aluminum wires spanning the sample holder frame. The sanded and exposed portions of glass were measured separately to determine changes in nominal elemental concentrations between the two surfaces. The samples were each measured for 3.0 h and 18.0 h, respectively, both with 1.4% detector dead time. As a blank, a Teflon FEP bag was measured to obtain a background spectrum for 3.9 h with 0.3% dead time. Background peak counts rates were subtracted from the corresponding peak count rates in experimental data. Full-energy detection efficiency (ε) was calibrated from 50 keV to 11 MeV with measurements of decay gamma rays from 133 Ba and 152
Eu sources and prompt gamma rays emitted by N, Cl and Ti in urea, NaCl and Ti foil samples, respectively. Peak fitting and detection efficiency calibration were performed with Hypermet PC [14] .
The atom ratios of element x to element y were determined using the relative approach shown in Eq. (3), where r g is the peak count rate, ε(E g ) is the full energy detection efficiency and s g is the partial gamma-ray production cross section [9] . The elemental cross section values were taken from the Evaluated Gamma-ray Activation File (EGAF) for H, Al, and Si [15] . Updated isotopic cross sections for 6 Li and 7 Li from Ref. [16] were used to determine the enrichment of 6 Li to be (96 ± 1) atom %. Atom ratios of Li/Si and Al/Si were determined using Eq. (3):
The atom fractions, expressed as oxides, of Al, Si, and Li in the glass, were determined. Table 1 compares the measured glass composition to the nominal composition of the glass as published by Stone et al. [2] .
XRD and SEM
X-Ray diffraction (XRD) was conducted at the NIST's Center for Nanoscale Science and Technology (CNST) with a Rigaku SmartLab X-Ray Diffraction. XRD data was collected and plotted using SmartLab (Rigaku). High contrast SEM images were taken using a Zeiss Ultra 60 Field Emission Scanning Electron Microscope housed within CNST with an in-lens secondary detector. The samples were mounted on edge with carbon tape. All images were taken at a z5.0 mm working distance, 5.0 kV, and with a 30.0 mm aperture. SEM image processing and alteration layer thickness measurements were completed in ImageJ (ver. 1.48k, 2013 [17] ). A summary of alteration layer thicknesses is presented in the SI (Tables 1 and 2 ).
Results

4.1.
Comparison of 3 years exposed, sanded, and freshly broken glass profiles 4.1.1. NDP NDP results of the 3 years exposed, sanded, and freshly broken surfaces are shown in Fig. 1 . The profile of the exposed glass shows depletion of 6 Li at the near-surface, which is an indication of glass alteration. The probing depth for the t energy spectrum (z21 mm),
was less than the SEM estimated alteration layer thickness ((37.4 ± 8.2) mm, Fig. 2a ). To measure deeper into the glass surface, z30 mm of surface material was sanded off the exposed glass, the surface was cleaned, and the sample was remeasured by NDP. These results were compared to the NDP profile of the freshly-broken glass surface to determine if the sanding removed the alteration layer. The 6 Li t profile of the sanded glass generally showed a slightly lower concentration of 6 Li across the alteration layer than that of the freshly-broken glass sample (Fig. 1c) . This result suggests that the entire alteration layer was not removed by sanding. The estimated NDP 6 Li depletion layer thickness, which is assumed to be approximately equal to the depth to which alteration penetrated the glass, is > 30 mm. This finding is in accordance with the SEM results ( Fig. 2a) , which suggest an average alteration layer thickness of (37.4 ± 8.2) mm (see SI).
The t profile of the exposed glass shows that 6 Li is not uniformly distributed in the depleted regions of the glass. This finding is supported and shown in greater detail by the a particle NDP data presented in Fig. 1 b. The a particle has a lower recoil energy and is a heavier mass than the t, and, therefore, will be stopped within the material at a much faster rate than the t particle. The a profile shows that there are three (3) distinct regions of variable Li concentration. A fourth region can be identified in the t profile. Different concentrations of Li in these regions could be indications of variability in the alteration layer structure at these sites, a theory which is discussed further in the Discussion section. The depletion of Li in these regions relative to that measured in the freshly broken glass sample ranges from z75% (measured from region I) to z 47% (measured in region IV).
PGAA
Assuming a homogenous sample in determining atom ratios of 1/v absorbers with PGAA obviates the need for characterizing the neutron beam's intensity and spectrum because the neutron fluence rate cancels out in the ratio. However, the 6 Li glass is assumed to be inhomogeneous with its composition and density varying in the alteration layer due to Li migration and the uptake of moisture from the air, while the bulk glass likely remains nominal. This assumption was proved true by the NDP results (see NDP results in next section). Therefore, modeling of the neutron beam's intensity as a function of the glass's variable chemistries is needed to calculate correct atom fractions. Furthermore, the neutron selfshielding by the glass biases the results towards measuring the Table 1 Comparison of the measured glass compositions of the 3 years exposed and sanded sides of the 6 Li glass to the nominal formula as determined by PGAA.
Compound
Atom fraction (%) surface that is irradiated by the peak neutron fluence rate. These issues are addressed below through the development of a way to estimate the H contained within the alteration layer from experimental and modeling results. Models of the alteration layer for the 3 years exposed 6 Li glass samples were developed based on NDP and SEM results. The following assumptions were made in the development of the models: (i) The alteration layer is z 37 mm thick and is a homogeneous composition, (ii) the density of the alteration layer is 1.5 g/ cm 3 , reduced from the nominal 2.42 g/cm 3 density, and (iii) the NDP results showed that the 6 Li atom density was depleted by 75% near the surface and by 47% near the end of the alteration layer. Based on these results and the assumption of a reduced density of 1.5 g/cm 3 , three cases were tested with the 6 Li atom density reduced to 47% (Case 1), 39% (Case 2) and 25% (Case 3) of the nominal value, while the amount of H in the alteration layer was proportional to the amount of Li depleted. Two subcases were tested: (Subcase a) 0.01 H atom added per Li atom lost and (Subcase b) 0.1 H atom added per Li atom lost, and the amount of Si, Al and O comprised the remainder of the composition in the same proportions as the bulk glass. A detailed MCNP6 [18] model of the PGAA instrument, including estimates for the neutron intensity and spectrum from neutron guide simulations, was used to find the neutron capture reaction rates for H (R H ) in the alteration layer and for Si in the alteration layer and bulk glass (R Si ). The ratio (R H /R Si ) measured by PGAA rates are shown in Table 2 in addition to the gamma-ray energies, cross sections, and experimental peak count rates. The reported reaction rates were corrected for gamma-ray emission probabilities. In the MCNP6 model, the alteration layer and the bulk glass were split into 1 mm thick and 100 mm thick layers, respectively. Fig. 3 shows a mesh tally of the relative thermal-equivalent neutron fluence rate for the Case 2b model with 61% Li depletion and with 0.1 H atoms added per Li atom lost. Additionally, the relative reaction rates for neutron capture for 1 H and Si in each layer were found by fluence rate tallies (F4) weighted by the energy-dependent neutron capture cross sections of 1 H and Si, respectively. Fig. 4a and Fig. 4b show the relative neutron fluence rate values in the alteration and bulk layers, respectively, for the model with 61% Li depletion and with 0.1 H atoms added per Li atom lost.
The compositions of the alteration layer for each subcase are shown in Table 3 . The subcases of Case 1 (0.01 H atoms added per Li atom lost) and Case 2 (0.1 H atoms added per Li atom lost) produced reaction rate ratios that bracketed the experimental results (z 23). Using the H mass fraction of 1.5 mg/g for the Case 2b model with 61 % Li depletion and 0.1 H atoms per Li atom lost, the areal mass density of H in the alteration layer is 8.33 mg/cm 2 . A water layer (at STP) with a similar areal mass density has a thickness of 0.75 mm.
The background-corrected H count rates for the exposed and sanded sides were (1.381 ± 0.014) s À1 and (0.186 ± 0.005) s À1 , respectively. The background was subtracted by using the peak ratio of H to F (from the Teflon) measured in the blank. As shown in Fig. 4 , the thermal-equivalent neutron fluence rate decreases by approximately an order of magnitude within 200 mm depth of the surface. Thus, the PGAA measurements of the 6 Li glass were weighted toward measuring the surface and near-surface composition of the samples (i.e., <0.5 mm depth). PGAA results for the exposed and sanded glasses are summarized in Tables 1 and 2 . These measurements indicate a conservation of elemental concentrations between the two samples except for H. H content was higher in the exposed sample than it was in the sanded sample, suggesting that H was removed with sanding. The approximate mass fraction of H in the alteration layer of the 3 years exposed glass was estimated with the previously-discussed MCNP6 model to be between 0.12 mg/g and 1.9 mg/g. That is, between 0.01 and 0.1 H atoms were added per each 6 Li lost from the alteration layer. The discrepancy in amount of Li depletion depicted in the NDP data and the lack thereof in the PGAA data are most likely because PGAA is significantly less sensitive to Li than NDP and is, in this case, a bulk measurement of the near surface up to z0.5 mm depth.
XRD
No minerals were observed by SEM on the surface of the exposed glass. The presence of a mineral (often a clay or zeolite) at or near a glass surface can be another indicator of alteration [19] . XRD of the 3 years exposed glass surface only indicated the presence of an amorphous material (see SI, Fig. 1 ).
Months alteration study
To determine the approximate rate of alteration, the sanded glass sample was exposed to atmosphere at the NCNR for z2 months between May 8, 2017 and July 13, 2017. The NCNR cold- Fig. 5 . a. NDP t particle profile of 6 Li concentration verses depth of sanded glass at 0 months (aka sanded glass, brown), 2 months (red) after sanding, and 3 years exposed glass (green). b. NDP a particle profile of 6 Li concentration verses depth of sanded glass at 0 months (brown), 2 months (red) after sanding, and 3 years exposed glass (green). Error bars are the calculated fractional errors of measurement and calculated from experimental counting statistics. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) neutron guide hall is temperature controlled at z 21.1 C, although it has been measured to fluctuate throughout the day by a few degrees C as a function of outside weather conditions. Similarly, the guide hall's relative humidity is z 50% and has been noted to fluctuate within a 24h period by > 5%. This value also changes based on outside weather conditions, as well as the number of people working in the guide hall. According to the National Weather Service record, the average maximum/minimum for May, June, and July in the Baltimore/Washington D.C. area were 23.3 C/13.9 C, 30.2 C/20.1 C, and 32.2 C/23.0 C, respectively [13] . The average relative humidity was 69%, 62%, and 68%. Alteration of the glass's surface was expected to occur given these warm and humid conditions.
A comparison of the NDP results for the freshly sanded (0 month), 3 years exposed, and 2 months exposed samples are presented in Fig. 5a-b . Both the t and a particle profiles show a depletion in Li in the 2 months exposed surface as compared to the 0 month exposed surface. 6 Li depletion levels are generally similar between the 2 months exposed and 3 years exposed samples. However, the profiles of the 3 years exposed glass show that the 6 Li concentration in the alteration layer varies as a function of depth. This is different from the 2 months altered glass which shows uniform depletion across the surface of the alteration layer. The alteration depth of the 2 months exposed sample (determined from the t profile shown in Fig. 3a ) extends beyond the measurement depth of the NDP. The approximate thickness of the alteration layer as determined by SEM was (22.4 ± 4.0) mm (see Fig. 5b and SI Table 2 ). The range and standard deviation in alteration layer thicknesses for the 2 months exposed sample was significantly smaller than that for the 3 years exposed sample: ± 4.0 mm vs. ± 8.2 mm. No PGAA measurement of the 2 months exposed glass was conducted due to an instrument outage.
Discussion
It is apparent from the NDP and SEM results that the 3 years and 2 months exposed 6 Li neutron shielding glass samples have undergone alteration. Additionally, the approximate extent of the Li depletion from the two glasses is similar, with a minimum 6 Li surface depletion of about 47% for both samples. These findings suggest that alumino-silicate 6 Li neutron shielding glass can undergo significant, measurable alteration relatively quickly (within 2 months) when exposed to a naturally warm and humid environment. The 3 years exposed glass was measured by PGAA to have a significant increase in H relative to the sanded glass. Also, the NDP data indicates that the 6 Li distribution throughout the alteration layer varies as a function of depth. From Fig. 1(a and b) it is apparent that the Li concentration is higher in region I vs. region II, and higher in region II vs. region III. These two results suggest that the alteration layer will not shield neutrons to the same extent as would be expected for the original glass and that the shielding power may vary across the alteration depth. The depletion in 6 Li will result in less neutrons being absorbed within the first 10's of mm of the glass surface, and the increased in H will cause more neutrons to scatter. Additionally, the mechanical durability of the hydrated alteration layer is most likely less than that of the glass. This layer may be more prone to delaminating and fracturing, which may not only decrease the overall shielding ability of the glass, but, also, cause the release of material embedded with radioactive tritium. This previous scenario has not, to the extent of our research, been reported to occur for this glass. Also, the alteration layer thickness is orders of magnitudes smaller than that of the glass: z 37 mm vs. 1Eþ7 mm, respectively. Therefore, the loss of the alteration layer will most likely not significantly influence the overall neutron shielding power of the glass.
The changes in 6 Li concentration across the alteration surface indicates possible changes in structure, and therefore density, of the altered regions. This phenomenon has been reported before for alumino-silicate glasses that have been altered for more than 100 days [20, 21] . This finding brings to question the accuracy of the depth scale displayed in Figs. 1 and 5 . A single density, 1.50 g/cm 3 , was used in the NDP energy-to-depth calculation for the depth scale of the altered glass samples. The use of this value is logical because it corresponds to densities reported for alteration layers found on similar types of glasses [9, 10] , and the calculated profile agrees with the alteration thicknesses measured from the SEM images collected on the same sample. If the density used to calculate the depth scale for the NDP data were grossly incorrect, then the SEM thicknesses would not have matched the NDP results. However, the 1.5 g/cm 3 density is most likely close to the average density of the alteration region and does not account for the variety of densities that may be present. One analysis method that may allow for measurement of the variable densities within the alteration region is x-ray reflectivity. X-ray reflectivity tests were executed on the 3 years and 2 months exposed samples, but the experiments did not yield meaningful results due to the surface of the samples being too rough.
The alteration of the glass may have the most significant effect on its use as a low H background shielding material for a PGAA instrument [8] . As the glass alters, more H may become incorporated in the exposed glass surface, thus increasing background H counts. This could complicate the measurement of materials containing low-level H by PGAA, particularly if the H incorporation is not constant. Therefore, it may be necessary to keep the glass-lined section of the instrument under vacuum to avoid additional alteration to the glass. Other applications for the glass, such as apertures or transmission applications, may not be significantly affected by the presence of a hydrated alteration layer.
Conclusion
Analysis by NDP and PGAA of a 6 Li glass used as neutron shielding was completed to determine if and to what extent the glass had altered. PGAA results showed an increase in H content in the 3 years exposed sample relative to the sanded sample, although native glass forming element concentrations were determined to be the same (within error). NDP measurements indicated a minimum depletion of 47% and maximum depletion of 75% in 6 Li in the 3 years exposed glass surface, and SEM suggested an alteration depth z37 mm. A similar depletion amount was found for a 2 months exposed sample of the glass, with an estimated alteration depth of z22 mm. These results suggest that 6 Li enriched neutron shielding glass can alter relatively quickly. However, the amount of 6 Li released by alteration relative to that contained in the unaltered glass bulk is relatively small, and the overall neutron shielding properties of the glass should not be significantly diminished.
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